Non-obese diabetic (NOD) mice spontaneously develop autoimmune diabetes, a disease that closely resembles Type I (insulin-dependent) diabetes mellitus in humans [1] . This T-cell-dependent autoimmune disease is multifactorial and polygenic, with at least 18 separate loci involved in the disease process in the NOD mouse [2±5]. The genetic factors represented by these loci have not yet been identified, although MHC class II genes are strong candidates for the Idd1 locus [6] . In search for the genes that control diabetes we have taken the approach of identifying and genetically mapping NOD-specific traits that are related to lymphocyte physiology.
Thymocyte development proceeds through an ordered sequence of developmental stages [12, 13] . Progression of individual cells through the developmental pathway is dependent on scrutiny in selective checkpoints that results either in cell death or in cell survival. A proliferation phase precedes each of these developmental checkpoints and leads to an expansion of cells that will be exposed to selection.
The first proliferation phase is detected in the early immature double negative, CD4 ± CD8
± (DN) thymocytes [14] . Within this compartment the cells evolve through a series of stages leading to the expression of the CD44 ± CD25
+ phenotype [15] . This subset of DN thymocytes enters a phase of growth arrest that is thought to correspond to a selection step based on the expression of the TCR b chain on the cell surface ± a process called b selection [16] .
After b selection, a second expansion phase occurs along with the differentiation from the CD4 ± CD8 ± (DN) to the CD4 + CD8 + (DP) stage. The cells that have rearranged a functional TCR b chain enter active cell cycling and undergo rearrangement of the a chain locus. Analysis of proliferating adult [14] and TCR b + fetal thymocytes [17] estimate that after b selection, one thymocyte can undergo up to nine cell divisions, corresponding to a 300-fold cell expansion. This phase of proliferation occurs in the intermediate CD4 ± 8 + and CD4 lo 8 + populations and in the DP compartment [14, 18] . The CD4 ±/lo CD8 + intermediates are minor thymocyte populations that represent a differentiation stage in the DN-DP transition where proliferation is intense. The expansion of these cells is thought to increase the number of individual TCR-b chains that are available to associate with the newly rearranged a-chains.
Thereafter, the DP immature thymocytes undergo a stringent process of selection based on the functionality and specificity of the ab TCR, in the course of which the vast majority of this population dies by apoptosis [19] . This cell loss is counterbalanced by cell proliferation and it is estimated that the DP compartment is replenished with new cells approximately every 3.5 days in a 2 month-old mouse [20] . Hence, DP cellularity is maintained by compensating cell death with cell proliferation occurring both in the CD4 ±/lo CD8 + intermediate cell populations and in the DP compartment.
The second phase of cell proliferation accomplishes the double task of expanding the number of cells that have successfully rearranged the TCR b-chain gene and replenishing the highly dynamic DP compartment. Therefore, the proliferative functions are crucial to guarantee the thymic homeostasis and could influence the development of the T-cell repertoire.
So far, there are no available data on cell proliferation during the early stages of T-cell development in the NOD mouse. We have analysed the replenishment of the DP compartment in the NOD thymus from more immature cells and report on the genetic control of proliferation impairments in the immature thymocyte compartments of the NOD mouse.
Materials and methods
Mice. Non-obese diabetic (NOD), C57BL/6, F1(NOD x C57BL/6) and F2(NOD x C57BL/6) mice were bred and kept in conventional facilities at Umeå University. All mice used were females between 7 and 8 weeks of age. The incidence of diabetes among the females of the NOD colony is 70 % by 6 months of age. The principles of laboratory animal care (NIH publication 85±23, revised 1985) and the Swedish national guidelines for animal research were followed.
Depletion of DP thymocytes. To severely deplete DP thymocytes, the mice were injected i. p. with 0.5 mg DXM (Merck Sharp Dome). The mice were killed on day 3 to day 6 after treatment. Thymi were harvested and single cell suspensions were prepared by gently forcing the cells through a nylon filter.
Thymocyte analysis. Thymocytes were counted using an electronic cell counter (Coulter counter). For analysis of proliferation of thymocyte sub-populations, mice were injected i. p. with 1 mg of BrdU (5-Bromo-2'-deoxy-uridine; Sigma-Aldrich, St Louis, Mo., USA) in PBS (5 mg/ml) 3 hours before they were killed. A combined staining for surface molecules and incorporated BrdU was used adapting a protocol by others Genotyping. To genotype the F2 (NOD x C57BL/6) progeny we used markers that identify DNA single sequence tandem repeat polymorphisms between the parental NOD and C57BL/6 strains. The F2(NOD x C57BL/6) mice were genotyped for markers mapping on chromosomes 1, 3, 4, 6, 7, 9, 11, 14 and 17. Marker DNA was amplified using primers purchased from Research Genetics (Huntsville, Ala., USA). The primers for IL2 and plau markers were synthesized as described [22] . One marker mapping within each of the Idd regions that are known to segregate in this cross (Idd1-10, 16, 17 and 18) was used for an initial screening of genetic association. Additional markers were used to analyse the regions to which association was suggested. Amplifications from tail DNA were optimized for each microsatellite, varying the annealing temperature (53±57 C). Amplified fragments were analysed in 4 % agarose gels (3 % NuSieve GTG agarose + 1 % type II agarose; Sigma) stained with ethidium bromide. Genetic markers used in this study included: D1MIT21, D3MIT51, IL-2, D4MIT72, D6MIT304, D6MIT15, D6MIT14, D6MIT57, D6MIT198, D6MIT194, D6MIT218, D6MIT64, D6MIT9, D6MIT184, D7MIT76, D7MIT55, D7MIT270, D7MIT145, D9MIT9, D11MIT39, PLAU, D17Mit28.
Statistics. To evaluate differences between groups of animals we did a Student's t-test for two-sample unequal variance groups (heteroscedastic) and the p-values for one-tailed distributions are shown. A p value of less than 0.01 was considered to be statistically significant.
Genetic analysis. For each genotyped marker, the association to the proliferation phenotype was analysed in contingency Tables by a chi square test. Marker order and recombination fractions were calculated with multi point analysis using Mapmaker 3.0/Exp. software [23] . Quantitative Trait Loci (QTL) were analysed using the Mapmaker/QTL software [24] .
Results
Slow cell recovery of NOD thymocytes after DP depletion. To study the ability of NOD thymocytes to proliferate in vivo, we depleted DP immature thymocytes by in vivo treatment with DXM and we followed the kinetics of cell recovery in the thymus. We have previously shown that intra-peritoneal injection of 0.2 mg DXM/mouse leads to a severe depletion of DP thymocytes in C57BL/6 mice while at this dose NOD thymocytes are relatively resistant [7] . At a dose of 0.5 mg DXM/mouse, however, a similar degree of cell depletion in C57BL/6 and NOD female mice is observed with a maximum depletion of DP thymocytes observed 3 days after treatment ( Table 1) . The kinetics of cell recovery from day 3 to day 6 after treatment showed that the number of cells in the NOD thymus was recovered with a slower rate compared to the C57BL/6 control mouse strain. The effect of this difference became most pronounced at recovery day 5 and was evident both for the recovery of total thymocytes (Table 1) and of DP cells ( Table 2 ). The thymocytes are heavily depleted in the recovering thymus and the relative sizes of thymocyte compartments are altered. Taking this into account, the differences in cell numbers observed at recovery day 5 represent a considerable difference in the efficiency of recovery. In fact, the total cell recovery in NOD mice at day 5 represents only 71 % of the recovery achieved by the C57BL/6 mice and the recovery efficiency of NOD DP cells is 67 % (Tables 1, 2) . A similar recovery difference was observed in an independent kinetic experiment that tested 3 NOD females and 3 C57BL/6 females at each time point. At day 5 the cellularity in the NOD thymus was 32.0´10 6 ( 15.1) total thymocytes and 26.9´10 6 ( 13.2) DP cells while in the C57BL/6 thymus was 43.3´10 6 ( 11.6) and 35.2´10 6 ( 11.8), respectively. Again, these differences represent a considerable deficit of recovery efficiency by the NOD thymus (approximately 75 %). We concluded that the observed differences in thymic cellularity between NOD and C57BL/6 at day 5 are genuine because they were considerably large, reproducible and statistically significant (Tables 1 and 2 ).
Low rate of proliferation of NOD immature thymocytes. To search for the origin of these deviations in The number of total thymocytes (´10 6 ) is indicated and represents the average of 4 to 5 mice (standard deviations are given in parentheses). Nod recovery efficiency was calculated as a ratio between the NOD average and C57BL/6 average at each time point. The p values represent results of t-tests comparing the group of NOD females with the C57BL/6 females at each time point The number of CD4 + CD8 + cells (´10 6 ) is indicated and represents the average of 4 to 5 mice (standard deviations are given in parentheses). NOD recovery efficiency and p values were calculated as for Table 1 the recovering NOD thymus, we analysed cell proliferation in different thymocyte sub-populations by pulse labelling in vivo with a DNA precursor (BrdU). A time-course experiment showed that the number of proliferating cells detected within the DN T-cell population was lower in the NOD than in C57BL/6 female mice (Fig. 1A) . The observed difference in the number of proliferating cells was most striking within the intermediate population CD4
+ . This population displays a peak in proliferation at day 4 in C57BL/6 mice that is absent in the NOD mice (Fig. 1B) . This proliferation difference at day 4 was reflected in the size of the CD4 ±/lo CD8 + population which was larger in C57BL/6 mice (5.11 0 6 0.49) as compared to NOD mice (3.31 0 6 1.1). The absence of a proliferation peak in the NOD CD4 ±/lo CD8 + population at day 4 was also observed in an independent experiment using 13 NOD females that had an average of 0.6´10 6 ( 0.34) CD4 ±/lo CD8 + proliferating cells while ten C57BL/6 females had 3.2´10 6 ( 1.0). This difference was shown to be statistically significant in a Student's ttest (p < 0.00 001). These two independent experiments both revealed a five-fold deficit of the number of proliferating CD4-/lo CD8 + cells at day 4 in the NOD thymus. This thymocyte subset is believed to be the immediate derivative of the DN population and to precede the DP thymocytes. A less pronounced difference in the number of proliferating cells was observed in DP thymocytes, reaching a maximum on day 5 after treatment (Fig. 1C) . Thus, one day after the observed difference in proliferation of the generative CD4 ±/lo CD8 + population, the difference in cellularity within the DP compartment reaches a maximum. These observations correspond with the difference in total cellularity evident mainly in the DP compartment (Table 2) . Together, these data suggest that the origin of the deficit in total cellularity in the recovering NOD thymus primarily results from an impairment in the proliferation of the CD4 ±/lo CD8 + population (Fig. 2) . This impairment does not seem to be sex-or age-dependent as we have observed a similar proliferation phenotype in NOD males at 7 to 8 weeks of age and in NOD females at 4 weeks of age (data not shown)
The CD4 ± /lo CD8 + proliferation trait in F2(C57BL/6 x NOD) mice. To study the genetic control of the impairment observed in the CD4 -/lo CD8 + population of the NOD mouse, we analysed the DNA synthesis in the thymocytes of a F2(C57BL/6 x NOD) female progeny 4 days after DXM treatment. In each of the 87 F2 female mice we measured the proportion of CD4 ±/lo CD8 + cells out of the thymocytes incorporating BrdU ± the CD4 ±/lo CD8 + proliferation trait. This trait was normally distributed in the F2 progeny and showed an average value between the two parental strains. The phenotypic variance spans from low trait values to high trait values along the F2 progeny, indicating that the genetic factors controlling the trait were segregating in this cross (Fig. 3 ). An estimation of the non-genetic variance in the F2 progeny (25) ascribed 80 % of the trait variance to genetic factors.
Defective CD4
±/lo CD8 + proliferation is linked to the Idd6 locus. Next we tested whether the observed NOD trait was genetically linked to any of the main diabetes susceptibility loci defined in crosses between NOD and C57BL/6 mice. The F2 progeny was analysed for the co-segregation of low proliferation in CD4 ±/lo CD8 + cells with genetic markers linked to Idd susceptibility loci on chromosomes 1, 3, 4, 6, 7, 9, 11, 14 and 17. Genetic association was tested in contingency tables to determine which of these chromosomal regions were linked to the low proliferation phenotype. The F2 mice were classified for the CD4 ±/lo CD8 + proliferation trait according to a threshold that corresponds to the intermediate value between the averages of the parental strains (Fig. 3) . Mice were then scored as NOD-like if they had a trait value below this threshold ( < 5.4 %) and as C57BL/ 6-like if above. Using the chi square tests of association, we found this trait to be linked to several markers on chromosome 6, mapping close to the Idd6 lo- 
CD8
+ trait based on the analysis of 14 NOD, 10 C57BL/6, 8 F1(C57BL/6XNOD) and 87 F2(C57BL/6XNOD) females. B Observed frequency distribution in the 87 F2(C57BL/ 6XNOD) females genotyped in this study is indicated by bars and the predicted distribution curve is superimposed cus [26] ). The association reached the highest significance value (p = 0.0004) with the marker D6Mit14 (Table 3) . No significant association was found with markers closely linked to Idd loci mapping on the other chromosomes.
To further define the contribution of the linked region on chromosome 6, we did a QTL analysis by scanning chromosome 6 for loci controlling thymocyte proliferation using the Mapmaker/QTL software [27] . The LOD score values peaked in the same region of chromosome 6 where association was found (Fig. 4) , and reached a maximum close to the marker D6Mit15 (LOD = 5.36). This locus, mapping closely to Idd6, accounts for 24.7 % of the phenotype variance in the F2 progeny and the NOD allele is likely to dominantly confer the proliferation impairment of immature CD4 ±/lo CD8 + thymocytes. The dominant action of this QTL contrasts with the behaviour of the Idd6 locus believed to be recessive. We used an F2 intercross that allowed us to analyse the B6 resistant allele in the homozygous state and we concluded that in the heterozygous state the NOD allele was dominant (Fig. 4) with reduced penetrance (Table 3 ). In contrast, the Idd6 locus was described in the context of a genetic backcross in which all Idd resistance alleles appear in the heterozygous state [26] . In such a situation it is difficult to distinguish between a recessive mode of action and a dominant mode with reduced penetrance.
Discussion
In the normal process of thymic T-cell development, the transition of thymocytes from the DN to the DP stage has been associated with cell proliferation [14, 17] . We found that immature thymocytes from the NOD mouse have low cellular expansion when the thymus is depleted of DP cells and that the replenishment of the DP compartment exhibits slow kinetics. The observed slow kinetics of the NOD thymus replenishment correlated with a low number of proliferating cells, particularly in the immature CD4 ±/lo CD8 + and DP populations. Results of chi square tests (2 degrees of freedom-df) and the corresponding p values are listed. Marker order and recombination fractions (q) were calculated using Mapmaker software [22] . Genotypes: nn, NOD homozygote; nb, heterozygote; bb, C57BL/6 homozygote The CD4 ±/lo CD8 + thymocyte population has been previously identified as a discrete differentiation stage [28] . Progression into this stage can be enhanced by anti-CD3 antibodies and by transgenic expression of Erg-1, a zinc-finger transcription factor belonging to the immediate-early genes [29] . Inhibition of CD4 ±/lo CD8 + thymocyte proliferation can be induced by TCR signalling [28] or by down-modulation of the glucocorticoid receptor [30] . These findings support the model of dual antagonism which proposes that activation signals delivered via the TCR complex can inhibit glucocorticoid induced cell death [31, 32] and conversely, that activation of the glucocorticoid receptor can modulate TCR-mediated cell death [33] . In this context, the low proliferation observed in the immature NOD thymocytes could reflect an inhibition of proliferation by signalling through the TCR. Alternatively, this trait could represent a decrease in the intrinsic rate of proliferation within this population.
Genetic mapping identified a locus that controls the proportion of the proliferating CD4 -/lo CD8 + thymocytes. This locus is located on the distal region of chromosome 6 and controls 24.7 % of the CD4 ±/lo CD8 + proliferation trait. Although it is not proven here that this locus represents the Idd6 locus, this genetic study shows that CD4 ±/lo CD8 + proliferation trait is closely linked to the Idd6 susceptibility region. The identified locus controls 24.7 % of the CD4 ±/lo CD8 + proliferation trait. There was no significant association of this trait to markers reported to be linked to the other Idd loci.
This study does not provide a direct correlation of the thymocyte proliferation phenotype with diabetes. Nevertheless, the observed linkage to Idd6 locus suggests that a susceptibility locus in Idd6 region could mediate its effect on diabetes pathogenesis, through an impaired proliferation of NOD thymocytes during the transition from DN to DP thymocytes. We have reported that resistance of immature NOD thymocytes to glucocorticoid-induced apoptosis maps to the same Idd6 region [9] . This locus could possibly constitute a genetic factor favouring inhibition of proliferation and increasing the resistance to apoptosis by glucocorticoids in cells undergoing selection in the thymus. As discussed above, signals delivered by the TCR lead both to proliferation inhibition and to apoptosis resistance in immature thymocytes. Therefore, the Idd6 region could contain a genetic factor that is concurrent with the effects of TCR signalling on the proliferation and apoptosis of immature thymocyte. Such a genetic factor could alter the expansion of the TCR repertoire in the immature compartments and would contribute to rescuing an altered repertoire of TCR specificities during intra-thymic T-cell selection. [23] . The LOD score curve along chromosome 6 represents the maximum likelihood estimates for the presence of a QTL at each point of the analysed region [22] . Plotted lines show LOD scores over the analysed area of chromosome 6 and the fitness of the NOD allele to particular models of gene action
